Human apolipoprotein B (apoB) is present in plasma as two separate isoproteins, designated apoB-100 (512 kDa) and apoB-48 (250 kDa). ApoB is encoded by a single gene on chromosome 2, and a single nuclear mRNA is edited and processed into two separate apoB mRNAs. A 14.1-kilobase apoB mRNA codes for apoB-100, and the second mRNA, which codes for apoB-48, contains a premature stop codon generated by a single base substitution of cytosine to uracil at nucleotide 6538, which converts the translated CAA codon coding for the amino acid glutamine at residue 2153 in apoB-100 to a premature in-frame stop codon (UAA). Two 30-base synthetic oligonucleotides (nucleotides 6523-6552 of apoB mRNA), designated apoB-Stop and apoB-Gln, were synthesized containing the complementary sequence to the stop codon (UAA) and glutamine codon (CAA), respectively. Analysis of intestinal apoB mRNA by hybridization with apoB-Stop and apoB-Gln probes and sequence analysis of apoB clones in two independent human small intestinal cDNA libraries established that intestinal apoB mRNA contained both the apoB mRNA that codes for apoB-100 and the apoB mRNA containing the premature in-frame stop codon, which codes for apoB-48. Investigation of hepatic apoB mRNA and two hepatic cDNA libraries by hybridization with the apoB-Stop and apoB-Gln synthetic probes as well as by cDNA sequencing revealed that liver apoB mRNA also contains both the apoB-100 mRNA and the apoB-48 mRNA containing the stop codon. The combined results from these studies establish that both human intestine and liver contain the two distinct apoB mRNAs, an mRNA that codes for apoB-100 and an apoB mRNA that contains the premature stop codon, which codes for apoB-48. The premature in-frame stop codon is not tissue specific and is present in both human liver and intestine.
Human apolipoproteins B (apoB) is a major protein moiety of chylomicrons, very low density lipoproteins, and low density lipoproteins (LDL) (1, 2) . ApoB plays a central role in LDL metabolism by serving as the ligand that interacts with the LDL receptor to initiate endocytosis and LDL catabolism (3) . Within human plasma, apoB exists predominately as two isoproteins, designated apoB-100 (512 kDa) and apoB-48 (250 kDa) (4, 5) . Kane and colleagues have proposed that in humans apoB-100 and apoB48 are secreted by the liver and intestine, respectively (4, 5) . In vitro studies with normal human hepatocytes as well as HepG-2 cells have revealed that the major apoB secreted was apoB-100 (6) . In contrast, both apoB-100 and apoB-48 equivalent apolipoproteins are secreted from the rat liver, indicating that there are species differences in the apoB isoproteins secreted from the liver (7) (8) (9) .
No consensus on the specific apoB isoproteins secreted from the human intestine is present in the literature. Glickman et al. (10) reported that human fetal intestinal organ cultures initially secreted apoB-100; however, apoB-48 was secreted after the 18th week of gestation. These results were interpreted as indicating that the apoB isoproteins secreted by the human intestine were developmentally regulated. In contrast to these results, analysis of adult human intestine using immunohistochemical techniques with monoclonal antibodies specific for apoB-100 demonstrated the presence of apoB-100 in the adult human intestine (11) . Recently our laboratory (12) reported that apoB-100 was secreted from freshly isolated adult intestinal organ cultures in vitro. Thus both apoB-48 as well as apoB-100 have been reported to be secreted from the human intestine. In studies in the rat, Lee et al. (13) observed that apoB-100 was the primary apolipoprotein secreted by the rat intestine; however, in the absence of protease inhibitors, apoB-100 was cleaved to an apolipoprotein similar in size to apoB-48. In other studies the apoB-48 equivalent isoprotein was identified as the apoB isoprotein secreted by the rat intestine (8, 9, 14) .
Recently our laboratory (15), Powell et al. (16) , and Chen et al. (17) have reported that human intestinal apoB mRNA contains a premature in-frame translational stop codon. The premature stop codon analyzed in intestinal cDNA clones was generated by a single base substitution of cytosine to thymine at nucleotide 6538, which converts the codon coding for amino acid glutamine (CAA) at residue 2153 to an in-frame stop codon (TAA). The new stop codon in human intestinal apoB mRNA provides a mechanism for the biosynthesis of intestinal apoB-48. Based on sequence analyses of liver and intestinal apoB cDNA clones and amplified cDNA from hepatic and intestinal apoB mRNA, Powell et al. (16) concluded that intestinal apoB mRNA contained only the stop codon resulting in only apoB-48 being secreted by the intestine and that the stop codon was tissue specific and not present in human liver.
In this report we present data to establish that human intestine and liver contain two distinct apoB mRNAs, a mRNA with the apoB-100 sequence and an apoB mRNA containing the premature in-frame translational stop codon.* Therefore, the human intestine secretes both apoB-48 and apoB-100, and the premature in-frame translational stop codon is present in both human liver and intestine.
Abbreviation: apoB, apolipoprotein B.
*The sequences reported in this paper are being deposited in the EMBL/GenBank data base (Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03635).
1772
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with (18, 19) .
Two 30-base synthetic oligonucleotides, ApoB-Stop (5'-ATACTGATCAAATTATATCATATATGTCTG-3') and ApoB-Gln (5'-ATACTGATCAAATTGTATCATATAT-GTCTG-3'), were synthesized by the modified phosphate triester method (OCS Laboratories, Denton, TX) based on the complementary nucleotide sequences at positions 6523-6552 of the apoB mRNA containing the stop codon (UAA) and apoB-100 glutamine codon (CAA) as previously reported (15) . These synthetic oligonucleotides were radiolabeled by end-labeling using standard procedures (20) and were used in hybridization for screening of intestinal and liver cDNA libraries.
DNA Sequence Analysis. Clones were selected from the above libraries, and recombinant phage DNA was isolated by the plate lysate method, followed by polyethylene glycol precipitation and extraction with phenol. DNA inserts were subcloned into M13mpl8 or M13mpl9 and sequenced by the Sanger dideoxy chain termination method (21) . Universal sequence primers (Bethesda Research Laboratories) and synthetic oligonucleotide primers (OCS Laboratories) were used to complete the sequences of the clones.
Extraction and Blot-Hybridization Analysis of Human Liver and Intestinal mRNA. mRNA was isolated from adult human liver and intestine as previously reported (22) and fractionated on a 1.0% agarose gel containing 6.0o (vol/vol) formaldehyde at 50 V for 5 hr, followed by transfer to nitrocellulose filters. The filters were prehybridized followed by hybridization with a nick-translated apoB-100 probe (AMDB-1) as described previously (18 Extraction and Southern Blot Analysis of Human DNA from Liver, Intestine, and Leukocytes. Normal human chromosomal DNA was extracted from human liver and intestine as described by Maniatis et al. (20) . High molecular weight DNA was extracted from human leukocytes as described previously (23) . Twenty micrograms of DNA was digested with HindIll or EcoRI, and the fragments were separated by 0.7% agarose gel electrophoresis, followed by transfer to nitrocellulose filters. Hybridization using synthetic oligonucleotides was performed at 50°C for 16 hr, and filters were washed three times in 5 x SSC for 5 min at room temperature and for 30 min at 60°C in 5 x SSC.
RESULTS
Screening and Identification of an In-Frame Stop Codon (TAA) and an apoB-100 Glutamine Codon (CAA) in Human Intestinal cDNA. In our initial studies on intestinal apoB mRNA, a 1.8-kilobase (kb) cDNA probe (AMDB-4) corresponding to the 6.3-to 8.1-kb region of apoB mRNA (15) was used for screening of 5 x 105 clones of the Agtll human intestinal cDNA library. A total of 11 positive clones were identified in the Agtll library, and sequence analysis of 6 clones revealed a single base substitution of cytosine to thymine at nucleotide 6538, which converted the codon coding for glutamine (CAA) to an in-frame stop codon (TAA) (15) . Based on these results two probes, designated apoBStop and apoB-Gln, were synthesized complementary to the stop codon (TAA) and the apoB-100 glutamine codon (CAA) sequences, respectively, as outlined in Materials and Methods. Differential Southern blot analysis of 11 clones using the synthetic probes apoB-Stop and apoB-Gln revealed a total of 9 clones with insert sizes ranging from 0.3 to 1.5 kb that contained the stop codon (Fig. LA) , whereas two independent clones (AMDBII-3 and AMDBII-6) with insert sizes of 1.8 kb had the codon for glutamine (CAA) in apoB-100 mRNA (Fig. 1B) .
To definitively establish that the codon for glutamine (CAA) in apoB-100 mRNA was present in the human intestine, we determined the 5' nucleotide sequence of the insert of one clone, designated AMDBII-3, which hybridized with apoB-Gln, and compared it to the complete sequence of a second clone, AMDBII-1 (1.5 kb), which was positive on hybridization with apoB-Stop and contained the stop codon (Fig. 2) . There was no difference in sequence between these two clones except for the single base substitution of cytosine to thymine at nucleotide 6538. The regions of the nucleotide sequences of clones AMDBII-1 and AMDBII-3 containing the cytosine to thymine substitution are shown in Fig. 3 . The additional 1.8-kb clone, designated AMDBII-6, which was positive on hybridization with apoB-Gln, was identical in sequence to AMDBII-3 and contained the CAA codon. Autoradiograms of the DNA sequencing gels illustrating the nucleotide sequences of the intestinal clones containing the apoB-100 CAA codon (AMDBII-3) and the stop codon (TAA) (AMDBII-1) are shown in Fig. 4 A and B .
In additional studies we used the two oligonucleotide probes, apoB-Stop and apoB-Gln, to screen a second intestinal cDNA library established in AgtlO. After screening 2.5 x 105 plaques, three clones were identified that hybridized to apoB-Stop (AMDBIII-1,-2,-3) . The insert sizes of these clones were 0.3, 0.4, and 0.6 kb, respectively. Sequence analysis of all three clones revealed the stop codon sequence at the same position as AMDBII-1; however, no clones contained the apoB-100 glutamine codon (CAA). In the present studies, no clones that were sequenced in the Agtll and AgtlO libraries contained a poly(A) tail.
Screening and Identification of an In-Frame Stop Codon (TAA) in Human Liver cDNA. The identification of the inframe stop codon (UAA) in human intestinal apoB mRNA prompted a reanalysis of the liver cDNA libraries that were utilized during the sequence analysis of apoB-100 mRNA (18) . The two synthetic probes, apoB-Stop and apoB-Gln, were used to screen 1 x 106 clones of a Agtll liver cDNA library and 5 x 105 clones of a plasmid human liver cDNA library. Differential Southern blot analysis ofthe apoB positive clones in the Agtl1 cDNA identified 4 clones with inserts ranging in size from 0.3 kb to 0.7 kb that contained the stop codon, whereas 16 other clones hybridized to the apoB-Gln probe of apoB-100 mRNA ( Fig. 1 C and D) . The nucleotide sequence of one of the clones, designated AMDBI-1, that hybridized to the apoB-Stop probe (Fig. 1C) is illustrated in Fig. 3 . This sequence contained a single substitution of cytosine to thymine at nucleotide 6538, which confirmed the presence of the stop codon (TAA) in the human liver cDNA clone. An autoradiogram of the DNA sequencing gel illustrating the nucleotide sequence ofthe AMDBI-1 clone and the stop codon (TAA) is shown in Fig. 4C .
In the plasmid liver cDNA library, four clones hybridized to the apoB-Gln probe; however, no clones hybridized to the apoB-Stop probe.
Blot-Hybridization Analysis of Liver and Intestinal mRNA. Blot-hybridization analysis of human liver and intestinal mRNA was performed using AMDB-1, a cDNA probe that covers the 5' region of apoB-100 mRNA, as well as the synthetic apoB-Stop and mRNA-Gln probes (Fig. 5) . Hy- bridization with the AMDB-1 probe demonstrated a single 14.1-kb apoB mRNA in the liver and two separate apoB mRNAs of 14.1 and 7.5 kb in the intestine, as we have previously reported (24, 25) . Hybridizations were performed with the apoB-Stop synthetic probe to determine which intestinal mRNA species contained the stop codon. Both the 14.1-and 7.5-kb apoB mRNA hybridized to the apoB-Stop probe, indicating that the stop codon was present in both apoB mRNAs (Fig. 5) . In addition, the apoB-Gln probe hybridized to the 14.1-kb apoB mRNA band in the intestine, which confirmed the presence of the apoB-100 codon for glutamine (CAA) in intestinal apoB mRNA (Fig. 5) .
Hybridizations were also performed with the apoB-Stop probe on human liver mRNA. The hepatic 14.1-kb apoB mRNA hybridized with the apoB-Stop probe confirming that the stop codon (UAA) was present in the apoB mRNA in human liver (Fig. SC) .
Southern Blot Analysis of Chromosomal DNA. Chromosomal DNAs were isolated from liver, intestine, and leukocytes and were digested with EcoRI and HindIII. Southern blot hybridization analyses utilizing the synthetic probes apoB-Stop and apoB-Gln were performed to determine if the single base substitution of cytosine to thymine could be detected in the genomic DNA sequences. As illustrated in Fig. 6 EcoRP or HindIII contained 1.8-kb and 5.5-kb bands, respectively, that hybridized with apoB-Gln. However, no hybridization of any DNA band occurred with apoB-Stop. These results were interpreted as indicating that only the CAA codon of apoB-100 mRNA was present at the DNA level in both the liver and intestine.
DISCUSSION
The combined results from our studies have established that human intestinal apoB mRNA contains the CAA codon, which codes for the biosynthesis of apoB-100, in addition to the apoB mRNA containing the in-frame stop codon, which codes for apoB-48 as previously reported (15) (16) (17) . Using two independent approaches, direct sequencing of intestinal apoB cDNA clones as well as blot-hybridization analysis of intestinal mRNA with the apoB-Gln synthetic probe, which is complementary to the codon for glutamine (CAA) in apoB-100 mRNA, have established that apoB-100 mRNA is present in the adult human intestine. The presence of apoB-100 mRNA, which codes for the biosynthesis of apoB-100 in the human intestine, is consistent with our results on the secretion of apoB-100 from adult human organ cultures (12) and the identification of apoB-100 in enterocytes by immunohistochemical techniques with apoB-100 specific monoclonal antibodies (11) . Blot-hybridization analysis of the 14.1-and 7.5-kb apoB mRNAs present in the intestine with the apoB-Stop synthetic probe established that the stop codon (UAA) was present in both the 14.1-and 7.5-kb apoB mRNA (Fig. 5) (Fig. 3) .
Of particular interest in the studies reported here was the identification of the in-frame stop codon in apoB mRNA in human liver. Use of the apoB-Stop synthetic probe markedly facilitated the identification of the clones in the liver cDNA libraries that contained the stop codon. Both direct sequencing of the liver cDNA clones that hybridized with the apoB-Stop probe and blot-hybridization analysis of liver mRNA with the specific apoB-Stop probe definitively established that the human liver contains apoB mRNA with the stop codon. These results indicate that the premature stop codon in apoB mRNA is not tissue specific as reported (16, 17) . In previous in vitro studies (6) with normal hepatocytes and HepG-2 cells, apoB-100 was virtually the only apoB isoprotein secreted. The question remains if apoB-48 is secreted from the human liver. In previous in vitro studies (6) , the culture conditions may not have been correct for the secretion of apoB-48; only minimal secretion of apoB-48 may occur from the human liver due to the low level of apoB mRNA containing the stop codon, or the majority of the apoB isoprotein translated from the stop codon mRNA may not be secreted from the cell. Borchardt and Davis (26) have reported that a significant fraction of the apoB protein translated in the rat liver is not secreted from hepatocytes, and this could also be the case for apoB-48 in human liver. However, both apoB-100 and apoB-48 equivalent isoproteins are secreted from the rat liver (7) (8) (9) . In a separate series of studies, the stop codon (TAA) was identified by DNA sequencing in three cDNA clones from a rat liver cDNA library, thereby establishing that the rat as well as the human liver contains mRNA containing the stop codon, which may code for apoB-48.
Southern blot analysis of genomic DNA from both the liver and intestine with specific stop codon and CAA codon probes established that only the CAA codon of apoB-100 is present at the DNA level, indicating that the stop codon was not the result of a tissue specific DNA mutation. These results are in agreement with those of Powell et al. (16) and indicate that the premature in-frame stop codon is introduced at the RNA level by an RNA editing mechanism.
A schematic overview of the processing of the apoB gene and mRNA is depicted in Fig. 7 . Previous studies have shown that apoB is encoded by a single gene on chromosome 2 (25, 27, 28) . In this model a single nuclear RNA would be synthesized from the apoB gene. With RNA processing and editing, two separate apoB mRNAs are produced in both the liver and intestine. One apoB mRNA contains the CAA codon and codes for apoB-100. The second mRNA contains an in-frame stop codon that provides a mechanism for the biosynthesis of apoB-48 (Fig. 7) . It NaDodSO4 gel electrophoresis may be the direct translational product of the apoB mRNA containing the stop codon, may contain the end product of either intracellular or extracellular proteolytic cleavage of apoB-100, or may be a combination of all three.
In humans the intestine secretes both apoB-48 and apoB-100. The secretion of apoB-100 by the adult human intestine may lead to the formation of intestinal apoB-100 remnants that under certain situations may be atherogenic and lead to an increased risk of premature cardiovascular disease. The human liver, however, appears to secrete almost exclusively apoB-100 under the conditions analyzed (6) , suggesting that the predominant apoB mRNA in the liver contains the CAA codon, which codes for apoB-100. Research directed toward an analysis of the factors including diet, drugs, and hormones as well as other effectors that determine the percentage of intestinal and liver apoB mRNA containing the CAA codon, which encodes for apoB-100, and the apoB mRNA, which contains the premature stop codon and codes for apoB-48, will be important.
